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PREFACE
The work described in this report was performed by the Propulsion
Division of the Jet Propulsion Laboratory.
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ABSTRACT
The exhaust products of a solid rocket motor using as propellant 14%
binder, 16% aluminum, and 70% (wt) ammonium perchlorate consist of
hydrogen chloride, water, alumina, and other compounds. The equilibrium
and some frozen compositions of the chemical species upon interaction with
the atmosphere were computed.
The conditions under which hydrogen chloride interacts with the water
vapor in humid air to form an aerosol containing hydrochloric acid were
computed for various weight ratios of air/exhaust products. These compu-
tations were also performed for the case of a combined SRM and hydrogen-
oxygen rocket engine. Regimes of temperature and relative humidity where
this aerosol is expected were identified. Within these regimes, the con-
centration of HC1 in the aerosol and weight fraction of aerosol to gas phase
were plotted.
Hydrochloric acid aerosol formation was found to be particularly likely
in cool humid weather.
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I. INTRODUCTION
This report discusses the interaction of the exhaust of a typical solid
rocket motor (SRM) with the atmosphere. The assumed propellant is
ammonium perchlorate and aluminum in a hydrocarbon binder. It deals with
two aspects of the problem: composition and concentration of the chemical
species and conditions for the formation of hydrochloric acid aerosol. The
purpose of determining these chemical interactions relates to the effect upon
the environment. In particular, the atmospheric conditions of temperature
and relative humidity conducive to the formation of an HC1 aerosol upon
interaction with SRM exhaust and also with the combined exhaust of an SRM
with the exhaust of a hydrogen-oxygen engine are presented in detail. The
latter case is modeled after the proposed propulsion system of the Space
Shuttle (Refs. 1 and 2).
Until recently, the primary concern over the interaction of the exhaust
products with the atmosphere dealt with the problem of electromagnetic wave
attenuation through the exhaust plume and its effect on ground-rocket com-
munication (Ref. 3); other earlier studies dealt with the rocket exhaust
composition, with the view of improving the specific impulse of the engine
(Ref. 4). However, there has been recent concern about the toxicity of SRM
exhaust gases by NASA (Refs. 1, 2, and 5), with the primary emphasis
placed on the toxic aspects of HC1.
The general topic of hydrochloric acid pollution, including toxicity,
HC1 emission sources, etc. , has been covered quite well in two reviews
(Refs. 6 and 7).
II. RESULTS AND DISCUSSION
The first part of this study was concerned with the estimation of the
composition and concentration of the chemical species of the exhaust gases
at the nozzle exit plane and subsequently upon mixing with the atmosphere.
The solid propellant was assumed (Ref. 8) to consist of 70% (wt)
ammonium perchlorate, 16% aluminum, and 14% binder (epoxy-cured PBAN,
empirical formula C 6 . 497 H 9 . 028 00. 628 N 0 . 218 AHf-160 kcal/kg). The
composition and temperature of the exhaust gases at the nozzle exit plane
were calculated by a NASA-Lewis computer program (Ref. 9) modified for
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use in the UNIVAC-1108. The equilibrium compositions closely matched
published values (Refs. 1, 2) and are presented in Figs. 1-4 (for weight ratio
air/exhaust products = 0).
The equilibrium composition and concentration of the species resulting
from mixing the exhaust products of the SRM were computed. Calculations
were also carried out for air mixed with the combined exhaust of the SRM
and liquid H 2 -LOX engine, where the SRM exhaust products comprise
78.4 wt %. As for the proposed Space Shuttle (Ref. 1), the results are shown
in Figs. 1-4. The equilibrium compositions were calculated with the NASA-
Lewis program (Ref. 9), using as input the equilibrium composition at the
SRM exhaust plane and the composition of air as in Ref. 10, p. 3076. In
Figs. 1-4, the concentrations are plotted vs weight ratio air/(exhaust
products) in logarithmic decrements over the range 10-1 to 10 5 . The con-
centration of exhaust species in the stabilized exhaust cloud has been esti-
mated at a weight ratio of 104 (Ref. 2), so the assumption is made that the
actual weight ratio is in the range 103-10
Figure 1 shows the anticipated fate of the hydrogen-oxygen species; it
is seen that 02 and H20 are the only anticipated species for air/exhaust >10.
Consequently, afterburning of H 2 is predicted. The presence of H 2 in rocket
exhaust prior to mixing with air has been established experimentally (Refs.
4, 11), but H2 was absent in the rocket plume consisting of exhaust products
mixed with air (Refs. 12 and 13).
Figure 2 shows that both CO and CO 2 are present in the exhaust gas
and that chemical equilibrium indicates afterburning of CO to CO 2 . Published
experimental results (Ref. 12) indicate a substantial, but not complete, con-
version of CO to CO 2 . A reaction kinetics analysis is indicated here.
Figure 3 indicates the anticipated fate of nitrogen species. Equilibrium
calculations indicate that the mole fractions of all but NO 2 drop to <10 - 10 for
weight ratio air/exhaust >100. Nitrogen oxides were observed experimentally
in SRM exhaust (Refs. 12 and 13). Plotted in Figure 3 is the hypothetical
case where the NO is frozen for air/exhaust >3 after attaining an equilibrium
at weight ratio air/exhaust = 3. Under these circumstances, the concen-
tration of NO would be on the order of 1 ppm at a weight ratio air/exhaust of
104. Although it is beyond the scope of this paper to discuss the kinetics of
the nitrogen-oxygen reaction (Ref. 14), the problem of formation, and con-
centration of NO x may justify further investigation.
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Figure 4 shows the anticipated fate of chlorine-HC1 species under
various conditions. HC1 was found in SRM exhaust (Refs. 11, 12, 15 and
16), although C12 was not observed. Very likely, Cl and Cl2 are present in
small concentrations and HC1 reaction with 02 from the air is frozen at
weight ratio air/exhaust >10, in spite of the predicted (on an equilibrium
basis) predominance of C12 at air/exhaust >102. Whether or not C12 is the
predominant species under these conditions is an open question; on the basis
of environmental input it would be very worthwhile to determine this ex-
perimentally. In this work, however, it is assumed that the HC1 does not
further react (frozen flow).
Although the fate of aluminum compounds was not emphasized in this
study, equilibrium calculations indicated that for weight ratio air/exhaust
a10, solid A1 2 0 3 is the only aluminum species. Further discussion on the
fate of aluminum species will occur later in this report.
The second part of this discussion deals with the interaction of
hydrogen chloride (as an exhaust product) with water vapor in the atmosphere
(present as atmospheric humidity plus that emitted as a rocket exhaust
product). Hydrogen chloride interacts very strongly with water to form
aqueous hydrochloric acid. Although there is extensive literature regarding
the interaction of water with hydrogen chloride, the gas-liquid system
(water vapor/hydrogen chloride/aqueous hydrochloric acid) is well sum-
marized by Schmidt (Ref. 17) and in Perry's Handbook, pp. 268-269 and
166-167 (Ref. 18). In this portion of this work, the objectives are to identify
the regimes of air ambient temperature and relative humidity whereupon
interaction with hydrogen chloride from SRM exhaust yields the aqueous
hydrochloric acid phase (presumably as an aerosol) and, within the regime of
aerosol formation, to show the concentration of HC1 in the liquid phase and
the weight fraction of liquid phase. The objectives were met through com-
puter analysis and the results shown in Figs. 5-22.
The following is a brief discussion of the procedure used for computing
these results. The published data (Refs. 17 and 18) of the vapor pressure of
water and of hydrogen chloride vs temperature and hydrochloric acid con-
centration in the aqueous phase were entered into computer storage. Using
the weight ratio air/exhaust as an independent variable, the temperature,
water vapor pressure (from the rocket exhaust and from the ambient relative
humidity), and partial pressure of hydrogen chloride of the air plus rocket
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exhaust mixture were determined; from this and the above computer-stored
data, the conditions for HC1 aerosol and HC1 concentrations were calculated.
Figures 5-11 (each figure corresponding to a given value of weight
ratio air/exhaust, ranging from 103, Fig. 5, to 105, Fig. 11) show the
boundary and region of anticipated aerosol formation for an SRM under the
assumption that no afterburning of H 2 and CO occurs. The independent
variables are ambient air temperature and relative humidity. Figures 12-14
present this information under the assumption of afterburning of CO and H 2
(the afterburning produces higher water vapor pressure and higher cloud
temperature). In these figures, the family of solid lines represents the
weight percent HC1 in the aerosol, or liquid phase; the dashed lines repre-
sent the weight fraction (ppm) of aerosol in the aerosol-air mixture.
Figures 15-22 deal with the combined SRM + LH 2 -LOX rocket exhaust
system such as that proposed for the Space Shuttle. Figures 15 and 16 show
the predicted aerosol parameters (for air at an ambient temperature of
298*K) vs weight ratio air/exhaust and relative humidity; Fig. 15 assumes
no afterburning; Fig. 16 assumes afterburning. Figures 17-22 present these
aerosol parameters vs ambient temperature and relative humidity; each
figure represents the case for fixed weight ratio air/exhaust. Figures 17-19
represent no afterburning; Figs. 20-22 represent the situation where after-
burning of CO and H 2 is assumed. The data in Figs. 15-22 supersede that
in a previous report (Ref. 19), wherein frozen flow was assumed from
throat to nozzle of the LH 2 -LOX engine.
Several observations can be inferred by inspection of Figs. 5-22. At
a weight ratio air/exhaust of 104, there is a substantial region of ambient
air temperature and relative humidity where HC1 aerosol is expected. The
weight percent of HC1 in the aerosol depends upon temperature and relative
humidity, but in any of these cases, the aerosol is that of a strong acid
(e. g. , 5% HC1 is 1. 38 N). For a given weight ratio air/exhaust, the aerosol
data curves for each of the rocket exhaust alternatives (i. e. , SRM with or
without afterburning and SRM - LHZ-LOX rocket exhaust with or without
afterburning) are fairly similar although not identical. Afterburning pro-
duces higher temperatures and water vapor pressure in the exhaust cloud;
higher water vapor pressure favors liquid-phase (aerosol) formation,
whereas higher temperatures favor the gas phase at the expense of the
liquid phase. Apparently the two effects approximately cancel each other.
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The figures indicate that aerosol formation is favored by lower
ambient temperatures and higher relative humidity, as may be expected.
This suggests that midday launches may be preferable to those in the morning
or evening if avoidance of aerosol is desired.
Although Figs. 5-22 indicate the conditions under which aerosol is ex-
pected, based on the system liquid-gas phase equilibrium, the actual forma-
tion of aerosol depends upon droplet nucleation. It has been reported (Ref.
20) that HC1 aerosol will not form (at ambient temperatures) below a relative
humidity of 78%. The issue of nucleation raises an interesting conjecture,
i. e., the possibility of HC1 aerosol nucleation on the A12 0 3 exhaust particles,
since the SRM exhaust consists of 28% (weight) A12 0 3 (Ref. 1). In the
course of particle-size distribution studies, it was reported (Ref. 21) that
the smaller particles are y-A12 0 3 , and that y-A12 0 3 is soluble in aqueous
hydrochloric acid. Consequently, the question is raised as to what portion
of the HC1 aerosol actually consists of droplets of AlC13-HCI solution; this
issue is complicated by the fact that, in addition to the co-existent A1203
there are a variety of other types of nucleation sites already present in the
atmosphere (Ref. 22).
III. CONCLUSIONS
Hydrogen chloride, present in the exhaust of an SRM can interact with
humid air to form an aerosol of hydrochloric acid. Aerosol formation is
favored by low temperature and high relative humidity, particularly as found
in the morning and evening. Experimental verification of certain of these
computed results is indicated; for example, determination of the HC1/C12
ratio, the CO/CO 2 ratio, and the H 2 present in the exhaust/air mixture.
REFERENCES
1. "Environmental Statement for the Space Shuttle Program," NASA,
Washington, D. C. , 1972.
2. Cramer, H. E. , et al., "Quantitative Assessment of the Environmental
Effects of Rocket Engine Emissions During Space Shuttle Operations at
Kennedy Space Center," GCA Corp., Report GCA TR-72-8-G, Salt Lake
City, Utah, Feb. 1972.
JPL Technical Memorandum 33-659 5
3. Wood, W. A. , and De More, J. E. , "Microwave Attenuation Character-
istics of Solid Propellant Exhaust Products," AIAA 6th Solid Propellant
Rocket Conference, Paper 65-183, Washington, D. C. , Feb. 1965.
4. Burns, E. A. , "Analysis of Minuteman Exhaust Products," Project
PRD-3753, Final Report, Stanford Research Institute, Palo Alto, Calif.,
Oct. 25, 1962.
5. Ricca, P.M. , Terry, J. P. , and Welke, J. O. , "Prevention and Control
of Air Pollution at Cape Kennedy," Air Eng. , Vol. 6, No. 2, pp. 35-8,
1964.
6. Stahl, Q. , "Air Pollution Aspects of Hydrochloric Acid, " Contract PH-
22-68-25, National Air Pollution Control Administration, Washington,
D.C. , Sep. 1969.
7. "Hydrochloric Acid and Air Pollution: An Annoted Bibliography,"
Environmental Protective Agency, Office of Air Programs, Publication
No. AP-100, Washington, D.C., July, 1971.
8. Anderson, Floyd, Lockheed Aircraft Corp., personal communication.
9. Gordon, S., and McBride, B.J., NASA SP-273, Washington, D. C.,
1971.
10. Handbook of Chemistry and Physics, Chemical Rubber Publishing Co.,
37th ed. , Cleveland, Ohio, 1955.
11. Nole, D. A. , and Mors, V. , "A Laboratory Study of Solid Propellant
Combustion Gas From a Toxicological Standpoint, " CPIA Publication
No. 112, Washington, D.C., June, 1966.
12. Goshgarian, B. B. , "Solid Propellant Combustion Gas Analysis Using a
Micromotor Technique," Report AFRPL-TR-69-53, Air Force Rocket
Propulsion Laboratory, Edwards, Calif., Mar. 1969.
13. Stiefel, L., "The Composition of the Exhaust Products of Military
Weapons," Report USAARL 70-13, Dept. of Army, Frankford Arsenal,
Frankford, Ill. , Mar. 1970.
14. Stein, A. M., "High Temperature Thermodynamics and Chemistry for
Entry into Planetary Atmospheres - The State of the Art," Report SID
64-1549, Accession No. 66453-64, Rockwell International, Inc.,
(Sep. 15, 1964).
15. Barker, L. I. , "Diffusion of Toxic Exhaust Products from Titan IIIC
Solid Rocket Motors," Aerospace Corp. Report TR-669, Aerospace Corp.,
El Segundo, Calif., (6122)-1, Feb. 1966.
16. Cesta, R. P. , and McClouth, M. E., "Launch Conditions Produced by the
Titan III-C Launch Vehicle," J. Am. Ind. Hygiene Assoc. , Vol. 30,
pp. 635-9, 1969.
6 JPL Technical Memorandum 33-659
17. Schmidt, A. , "The System Hydrogen Chloride/Water, " Chem. Ing. -
Tech., Vol. 25, pp. 455-66, 1953.
18. Perry, J. H. , Chemical Engineer's Handbook, Third ed. , McGraw-Hill
Book Co. , N. Y. , 1950.
19. Rhein, R. A. , "The Formation of Hydrochloric Acid Aerosol From the
Interaction of the Space Shuttle Rocket Exhaust With the Atmosphere,"
Technical Memorandum 33-619, Jet Propulsion Laboratory, Pasadena,
Calif. , June 1, 1973.
20. Gillespie, G. R., and Hohnstone, H. F. , "Particle Size Distribution in
Some Hygroscopic Aerosols," Chem. Eng. , Prog., Vol. 51, 74F-80F,
1955.
21. Nadler, M. P., "Environmental Study of Toxic Exhausts," Project
Order No. 5730 -73-6, Air Force Rocket Propulsion Laboratory,
Feb. 1973.
22. Vohra, K. G. , and Nein, P. V. N. , "Recent Thinking on the Chemical
Formation of Aerosols in the Air by Gas Phase Reactions," Aerosol Sci.,
Vol. 1, pp. 127-33, 1970.
JPL Technical Memorandum 33-659 7
1.0 I I I 1.0
+ CO2 EQL A FROZEN SRM + RY AIRX CO EQL A FROZEN
10-110-1 CONCENTRATION (MOLE FRACTION)
x H2  OF CO AND CO2 RESULTING
+ H SRM DRY FROM MIXING SRMX 00 AIR, EQL X EXHAUST PRODUCTS
H 0 WITH AIR
02
10-2 H2  10-2
A H SRM + L
/V \ DRY AIR
MOLE MOLEFRACTION 0 OH FRACTION
-3 10-3
o10-4  10-4 \
coMPosmON AND MOLEFRACTION FHYDROGEN-
OXYGEN SPECIES FROM
MIXING SRM AND SRM-
LH2-O2 RKT EXHAUST
PRODUCTS WITH AIR
S0
-5  
10
- 5  I I I I I \
0 0.1 1.0 10 102 103 104 105 0 0.1 1.0 10 102  103 104 105
WEIGHT RATIO AIR/EXHAUST PRODUCTS WEIGHT RATIO AIR/EXHAUST
CD
Fig. 1. Predicted hydrogen-oxygen chem- Fig. 2. Predicted CO and CO 2 concentra-ical species resulting from the mixing of tion resulting from the mixing of SRM ex-
air with SRM exhaust and of air with the haust products with dry air
combined SRM exhaust and LH2 -L O Z liq-
uid rocket exhaust, where SRM exhaust
o products/total exhaust products = 0. 784
Io.
ul
'w
I1.) 1 I I I
(D 0 HCI
' + c:
1 lO- N2  10- CI FROZEN FLOW SRM E
- + N A EQ -40C AMB. I ATM HCI
n A (E -40*C AMB, 0.05 ATM HCI
0 NO 
a HCI DRY AiR R
10-2 A NO2  EQL SRM #'C- I LHUM D AIR 2-20 C12 HUMID AIR EQN20 + DRY AIR 10-2
0 NOCI +
10 - 3  ) 
\
CTIO N F CHLORINE
10 0 N20 + 10% RH AIR PRODUCTS WI H AIR
v NOC
MOLE NO, FROZEN FROM0-
1FRACTION 10 I EL X
0- 1 0 1 MOLE -5 1 1A CT A FRACTION 10
/ 
/
10" 10
10- 8
kO-I
10
0 0.1 1 10 102 103 10
4 10 5
WEIG;HT RATIO AIR/EXHAUST PRODUCTS
10 - 9
Fig. 3. Composition and mole fraction of i 1 010 2 3 4
nitrogen-oxygen species from mixing SRM 0 0.1 1.0 10 10
2  10 10 10
exhaust products with air WEIGHT RATIO AIR/EXHAUST
Fig. 4. Predicted chlorine species result-
ing from mixing SRM or SRM-LH2 -O 2
rocket exhaust products with air
'\0
100ioo 100
(5600) 2
4V (1800) 4go 6 9- 10 8
\ \(1000)
10 8 (1400)
\ 14 1 14
7o\ 18 (1400) 16 6&W -(1200) 70
18
RELATIVE (400)
RELATIVE HUMIDITY ---ORMATION
60 -
60 2020 (800)
S50E SRM: AIREXHAUST RATIO 2154
FROZEN FLOW
40 - SRM: AIRIEXHAUST RATIO 10004 SOLID LINES: WT % HCI IN AEROSOL40 -
FROZEN FLOW DASHED LINES: AEROSOL WT
HCI AEROSOL FORMATION FRACTION, ppm
SOLID LINES: WT % HCI IN AEROSOL
30 - DASHED LINES: AEROSOL WT 30
SFRACTION, ppm 0c -0 01 20 30 40IRI IN ppm IK 263 273 283 293 303 313
c -10 0 10 20 30 40 TEMPERATURE
*K 263 273 283 293 303 313
DTEMPERATURE
Fig. 6. Formation and properties of HC1
Fig. 5. Formation and properties of HC1 aerosol resulting from the mixing of (2154
aerosol resulting from the mixing of (1000 parts) air with SRM exhaust vs ambient
parts) air with SRM exhaust vs ambient air temperature and relative humidity
o air temperature and relative humidity
I
IJn
- - N 1003
Q 2
HUMIDITY 18 RELATIVEL0 HUMIDITY 1295
0 (600) 4
U.'
eo75 -
70SRM: RATIO AIREXHAUST 104642
FROZEN FLOW (56).HCI AEROSOL FORMATION FONLW5//
SOLID LINES: WT % HCI IN AEROSOL 70 SRM: TO AIREXHAUST=
40 DASHED LINES: AEROSOL WT FROZEN FLOW
FRACTION, ppm HCI AEROSOL FORMATION
65 18 SOLID LINES: WT % HCI IN
AEROSOL
DASHED LINES: AEROSOL WT
30 I FRACTION,
°C -10 0 10 20 30 40 m
OK 263 273 283 293 303 313 ppm
TEMPERATURE o* -10 0 10 20 30 40
*K 263 273 283 293 303 313
TEMPERATURE
Fig. 7. Formation and properties of HC1
aerosol resulting from the mixing of (4642 Fig. 8. Formation and properties of HC1
parts) air with SRM exhaust vs ambient aerosol resulting from the mixing of (104
air temperature and relative humidity parts) air with SRM exhaust vs ambient
air temperature and relative humidity
(200)
S. (40(400-
10 /(200) -
S / 90 - 56 -
8 -10-)
RELATIVE - (56)-, / RELATIVE /
HUMIDITY12 HUMIDITY / // (10)
/ 2)/ so8- 2 /
75 14
/ 14
70 16 SRM: RATIO AIRIEXHAUST - SRM: AIRIEHAUST * 46416
21544 / FROZEN FLOWFROZEN FLOWHCI AEROSOL FORMATION HCI AEROSOL FORMATION
65 SOLID LINES: WT % HCI IN 70 16 SOLID LINES: WT % IN
AEROSOL AEROSOL
DASHED LINES: AEROSOL WT DASHED LINES: AEROSOL WT
FRACTION, ppm FRACTION, ppm
60 I I I I 65 , ,
C -10 0 10 20 30 40 C -10 0 10 20 30 40K 263 273 283 293 303 313 OK 263 273 283 293 303 313
(D TEMPERATURE TEMPERATURE
Fig. 9. Formation and properties of HC1 Fig. 10. Formation and properties of HCl
aerosol resulting from the mixing of (21544 aerosol resulting from the mixing of (46416
parts) air with SRM exhaust products vs parts) air with SRM exhaust products vs
ambient air temperature and relative ambient air temperature and relative
humidity humidity
,,D
S9100 100(D (200) \\
0 80
(. 156.2) \Ii 95
RELATIVE 17.8) / / HUMIDITY \(1400) \ 10
10 800 6 (1800)
-70
/
SRM: AIR RELATIVE
RELATIVE 85 . (17.8) ARHUMI (100) A 10
SOLID LINES: WT % HCI IN AEROSOL FRACTIOHUMIDITYN, ppm
1C 
60 0 10 20 30 40
C -1 0 0 10 20 30 4)/
80 - / / 50 18
K 263 SRM: AIRE283 293 3HAUST03 1103
/ 1000)TEMPERATU AFTERBURNING CO, H5.6 SRM: AIR/EXHAUST 105 HCI AEROSOL FORMATION
/ / HCI AEROSOL FORMATION 40 SOLID LINES: WT % HCI IN AEROSOL
75 Fig.FROZEN FLOW Formation DASHED LINES: AEROSOL WT
Fig. 11. FormatSOLID LINES: WT HC IN AEROSOL FRACTION, ppm
DASHED LINES: AEROSOL WT
FRACTION, ppm 3 afterburning of CO and H 2 vs ambient air°C -10 0 10 20 30 40
°K 263 273 283 293 303 313
70 _ TEMPERATURE
TC -10 0 10 20 30 40
*K 263 273 283 293 303 313
TEMPERATURE
Fig. 12. Formation and properties of HC1
aerosol resulting from the mixing of (103
Fig. 11. Formation and properties of HC1 parts) air with SRM exhaust, assuming
aerosol resulting from the mixing of (10 5  afterburning of CO and H? vs ambient air
parts) air with SRM exhaust products vs temperature and relative humidity
ambient air temperature and relative
humidity
100 100
8(180)
9 (400)
RELATIVE so 12 RELATIVE 5/
10 /
/(10 10 /
/ */ 12
70 16,/ SRM: AIR/EXHAUST" 104 -
AFTERBURNING CO, H2HCI AEROSOL FORMATION 7, SRM: AIR/EXHAUST = 10;
SOLID LINES: WT % HCI IN AFTERBURNING CO, H2
65 AEROSOL HCI AEROSOL FORMATION
18 . DASHED LINES: AEROSOL WT SOLID LINES: WT % HCI IN AEROSOL
IFRACTION, DASHED LINES: AEROSOL WT FRACTION, ppm
ppm
60 I I I 70 I I I
:C -10 0 10 20 30 40 -C -10 0 10 20 30 40
-- 'K 263 273 283 293 303 313 'K 263 273 283 293 303 313(TEMPERATURE TEMPERATURE
Fig. 13. Formation and properties of HC1 Fig. 14. Formation and properties of HC1
aerosol resulting from the mixing of (10 4  aerosol resulting from the mixing of (10 5
parts) air with SRM exhaust, assuming parts) air with SRM exhaust, assuming
o afterburning of CO and H 2 vs ambient air afterburning of CO and H 2 vs ambient air
temperature and relative humidity temperature and relative humidity
-.
SI ;00 100 I
D (1 0,lODD) 0160) (1700) 5
0 (24,000) /(5620) 12 (6 (750)
9 - . 95 (2390)SI I (1)00) 12 p0ml)
4 ( I /1 a s17/ (56)' • / (432) 1 02 0)90 I I !1 ' / / -
/ 6 90 - 7 5 -5 I i I/ / 90 - /' /
Sl / It I ; /" 85,_
8 0 -/ 5/ 8, H
I f O HI
RELATIVE 70 - 75HUMIDITY
SRELATIVE
EXHAUST PRODUCTS HUMIDITY
o 65 FROM SRM + LH2 -02
'l RKT INTO 25C AIR 70
. eS FROZEN FLOW
60 - EHAUST PRODUCTS FROM SRM65 LOX - RKT ITO ZSC AIR
AFTERRURNIHNG CO, H2
SOLID LINES: WT % HCI IN AEROSOL
DASHED LINES: ppm O AEROSOL 60 -
50 FORMATION FHCI AEROSOL FROM SRM + H2-02EXHAUST IN THE ATMOSPHERE (298'K) RELATIVE FORMATION F HC AEROSO. FROM E ITERACTI
HUMIDITY vs WT RATIO AIRIEXHAUST PRODUCTS - THE CIOMBINED EXHAUST PRODUCTS OF AN SRM AND
FROZEN EXHAUST COMPOSITION H202 ENGINE IT RATIO 0.740.26) WITH THE ATMOS-55 PHERE fZAH). RELATIVE HUMIDITY vs WT RATIO
AIRIEXHAUST PRCOUCTS45 AFTERURNING OFCO. H2 ASSUMED
SOLID LINES: A' % ACI IN AEROSOL
DASHED LINES AEROSOL WT FRACTION, ppm
401 50-
10
2  10
3  10
4  10
5
RATIO AIR I(EXHAUST PRODUCTS)
45
102  103  10
4  105
WEIGHT RATIO AIR/EXHAUST
Fig. 15. Formation and properties of HCl
aerosol resulting from the mixing of the
combined exhaust products of an SRM and Fig. 16. Formation and properties of HC1
LHZ-LO 2 rocket with the atmosphere at aerosol resulting from the mixing of the
25*C vs relative humidity and wt ratio combined exhaust products of an SRM and
air/total exhaust products an LH 2 -LO 2 rocket with the atmosphere at
25 C vs relative humidity and wt ratio
air/total exhaust products
80 - 100
70 \
RELATIVE
HUMIDITY 10 1780) 10
12 RDIV80 - (133) .-
60- 4 AIRI[0.784 SRM HUMIDITY1330 + 0.216 (LOX-LH2)
EXHAUST - 103 17( FROZENFLOW / AIR 0.784SRMSF 75 - (100) + 0.216 (LOX-LH2
50- EXHAUST = 104;
8 HCI AEROSOL FORMATION FROZEN FLOW
75)WT RATIO AIR/EXHAUST - 103 COMBINED EXHAUST SRM40 FROZEN COMPOSITION 16 + H2-0 2 RKT
SOLID LINES: WI % HCI IN AEROSOL (56// WT RATIO AIR/EXHAUST = 104DASHED LINES: AEROSOL WT FROZEN COMPOSITION
FRACTION, ppm 65 SOLID LINES: WT % HCI IN -
I' *K 263 273 283 293 303 313TEMPERATURE 6o 1 ppm
:C -10 0 10 20 30 40
*K 263 273 283 293 303 313(D TEMPERATU RE
0
Fig. 17. Formation and properties of HC1
aerosol resulting from the mixing of (10 3  Fig. 18. Formation and properties of HC1
parts) air with the combined exhaust of an aerosol resulting from the mixing of (104
SRM and an LH 2 -LO 2 rocket vs ambient air parts) air with the combined exhaust of an
0 temperature and relative humidity SRM and an LH2 -LO 2 rocket vs ambient
air temperature and relative humidity
SOI IE:W 6HII EOSLW AI II(AS d
,,DDLNS ARSLW RZE OPSTO
____100 (1 0.5 100
S90\ \(5620) \ \ 0.5
S\ \(10,000) (17,800)
6 80 2
70 90
RELATIVE 6
RELATIVE / HUMIDITY
HUMIDITY 8 AIRI[0.784 SRM 8\
- 10 + 0.216 (LOX-LH2)] 60 AIR 1[0.784 SRM
',(10 / EXHAUST - 105; + 0.216 (LOX-LH2)]
oFROZEN FLOW 10 (2370) EXHAUST = 1! 0 -
// AFTERBURNING CO, H2
8oFO 12 50 \12 (1780) CI AEROSOL FORMATION
COMBINED EXHAUST SRM
HCI AEROSOL FORMATION 14+ H2-O 2 RKT
COMBINED EXHAUST SRM (1330) WT RATIO AIRI/EXHAUST - 103
+ H2-0 2 RKT 0 AFTERBURNING CO, H2
75 WT RATIO AIRI/EXHAUST 105 40 SOLID LINES: WT % HCI IN -
/ FROZEN COMPOSITION AEROSOL
SOLID LINES: WT % HCI IN AEROSOL DASHED LINES: AEROSOL WT
DASHED LINES: AEROSOL WT FRACTION, ppm
FRACTION, ppm 
-10 0 10 20 30 40
70 1 I I I TEMPERATURE, OC
C -10 0 10 20 30 40
°K 263 273 283 293 303 313
TEMPERATURE,
Fig. 20. Formation and properties of H1I
Fig. 19. Formation and properties of HC1 aerosol resulting from the mixing of (10
aerosol resulting from the mixing of (10 5  parts) air with the combined exhaust of an
parts) air with the combined exhaust of an SRM and an LH2-LO2 rocket (afterburning
SRM and an LH2-LO 2 rocket vs ambient of CO, H assumed) vs ambient air temp-
air temperature and relative humidity erature and relative humidity
0:1
100
(1000) 2
(562) (56)
- 2 95
go (326
__ 90 6
85
18)
( 8 R /
RELATIVE 80 10 RELATIVE
HUMIDITY SOLID LINES: HUMIDITY 85 /
(133) WT % HCI IN AIRI [0.784 SRM
AEROSOL10 + 0.216 (LOX-LH2)](AROSOL10)' EXHAUST = 105
1275 A OLIES: (10)/ ' AFTER BURNINd CO, H275 - AEROSOL WT -,'
FRACTION, ppm 80 /
(1 104/ AIRI[O.784 SRM
, 14 + 0.216 (LOX-LH2)1 12
.+. HCI AEROSOL FORMATION FROM70 - EXHAUST = 1- THE INTERACTION OF THE COMBINED
AFTERBURNING'CO, H2  EXHAUST PRODUCTS OF AN SRM
+ H2-02 ROCKET WITH AIR; WT
16 HCI AEROSOL FORMATION 75 RATIO AIR/EXHAUST - 105
65 656 COMBINED EXHAUST SRM HCI WT % IN AEROSOL (SOLID)
/ +H - 0 RKT AND WT FRACTION AEROSOL, pm
H2 02 R (DASHED), vs TEMPERATURE ANDAIR/EXHAUST WT RATIO - 104 RELATIVE HUMIDITY.4AFTERBURNING CO, H2  AFTERBURNING H2, CO ASSUMED
IV60 I I I I 70
OC -10 0 10 20 30 40 °C -10 0 10 20 30 40
K 263 273 283 293 303 313 OK 263 273 283 293 303 313
TEMPERATURE TEMPERATURE
(D
Fig. 21. Formation and properties of HC1 Fig. 22. Formation and properties of HCl
Daerosol resulting from the mixing of (104 aerosol resulting from the mixing of (105
parts) air with the combined exhaust of an parts) air with the combined exhaust of an
SRM and an LH 2 -LO 2 rocket (afterburning SRM and an LH 2 -LO 2 rocket (afterburning
CO, H Z assumed) vs ambient air temper- CO, H 2 assumed) vs ambient air temper-
ature and relative humidity ature and relative humidity
3
*U.
